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We present IWIICriCal otnu1Llations of 5 elocity modulated field efct CI tan.Astor, a, proposed b\ Sakaki. Uing sell-con-
sisItiti partliCCLIe Mionte Carlo analysis. %se asseNs possible ads antav,t~ of- these nlosci des ice structuresssidh respcti to
sssitchinge speed and shsm (Ile q~diitiC Quliectries ol Sakaki., idea,. Quanitatis ci, delays are introduced b\ tile
redistribution of lctron, It tire epatated channels.

§11. ntrouclio -The dynamics of electron transfer between two adja-
§1. ntrdtiioncent equivalent high mobility channels (dual-channel

In field effect transistors, the source to drain current is high-electron mobility transistor) were previously
coniroled by modulating tile ciiwree cat ter concentration reported for 300 K operation. , It has been concluded
uinder the gate. Therefore, thle ultimate switch-on time is ihat thle ideas of multiple channel transfer are valid, and
roughly determined by thle transit ltme of electrons from ultimate device speeds could be enhanced if' these ideas
soui-ce to drain. The Calculated switch-on time for a 0.4 can be realized. Howeser, it also has been found that the
micrometer gate length (I micrometer from source to electron redistribution along, the device channel plays anl
drain) high-electron mobility transistor is longer than 3.5 itmportant role and prolongs the time period which is
picoseconds at 300 K.1z and about 3.2 picoseconds at 77 necessary to reach steady state, es en if' the electron,, arc
K. sw~itched per~pendicuflar to the layers rather fast.

To achiese sub-picosecond sw\itchinve in ,emiicondulC- Thle purpose of' this paper is to discuss the factors in-
tors. Sakaki proposed thle concept ot' \ elocty-moduila- flucllillg thle 6t11, coiotants of' a velocitt-modulatton
tion transistot s (V\ll 's). '" The \elocity-miodulaiion transistor, at 77 K and 300 K. We will elaborate on thle
transistor concept attempts to capitalizet on thle extremel 'ultimate device speed, on-state and off-state current
short perpendicular transit times between two adjacent levels, timne evolution of' the electron distribution funic-
channels, with different transport properties (i.e., mobili- tion, and ionized imipurity scattering as a means to
ty). The original structure suggested by Sakaki is a n- modulate channel mobility of a field effect transistor.
AIGaAs/GaAs/n-AlGaAs double heterostructure (Fig. 2 Dei Srcu adimlto
0)." Two channels are formed at the heterointerfaces in §. lic rutead tulio
GaAs. One of the channel, is heavily doped with accep- The structure used in the simulations in anl n-Al(IaAs/
tors and donors, and therefore exhibts a loss% mobility, (iaAs/n-AIGaAs double heterostructuLre as shown inl Fig.
wvhile the other c hannel, the high mobility channel, is un- 2. The AIGaAs layers are doped relatively lightlv
doped. Scliottk\ barriers are placed on top and bottom (N[)=2 x 10' cm 1, wAhere N1, is the donor concentration).
of' the device to switch the electrons back and forth The two channels (A and B) formed at the heteroinier-
perpendicular to the interface. hence modulating thle face are assumed to be contacted separately. Channel B3 is
mobility and current between thle source and drain, assumed to be undoped (N, = I x 10' cm ") and channel

If it is assumed that the intrinsic device speed is limited A is heavily doped svith both acceptors and doniors pre-
by the perpendicular transit time, the switching time can sent in order to reduce tile mobility. Schottkv barriers are
be estimated as follows. For a channel separation of 500 placed onl top and bottom of the dev ice to modulate thle
A, and a velocity of I x 10- cm/s (ignoring \,%Jocity) over- %monductisiiv of the channels. The thickncss of tIle GaAs
shoot) perpendicular to the heterointerface, the swvit- is chosen to be 1000 A . Under these circumstances stze
ching time can be estimated as r-0.5 picoseconds. This quantization effects are unimportant and our
is an order of magnitude faster than common switching
times which involve the gate length."4

- -~ -A,Gal As

Ii,. tI. tDevjce topoog of' tire s tociis-rnod1ti itransiiof ( 55'IT
t, oposed h% SakkKi . I. . tDeIjc I opolott of i Ile 'I rlICi t C .ttttiteCl
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semiclassical treatment is appropriate. Tile source to t= Ops
drain distance is I micrometer and the gates are sve-
metrically placed between source and drain and are 0.4OroteCrlo model..in.orporatesN the. band
micrometers long.

Our %/onic Carlo model incorporates tile F-L-X band D_?.:.. ... .iB

structure for both GaAs and AIGaAs. Polar optical
phonon sattering, equixalent and non-equivalent inter-
valley scattering, real space transfer, impact ionization (a)
and ionized impurity scattering are included in the model
which has been described in detail previously. .N

The total number of sample electrons in the device is a t 01ps
variable, and the electron population is allowed to adjust
itself to satisfy overall charge neutrality. Small regions -. :e-
surrounding the ohmic contacts are kept neutral by injec- ., ... :.

ting electrons chosen from an equilibrium energy distribu- :AX
tion as needed. The source and drain currents are deter- __- ____ '_
mined by recording the number of injected and absorbed
particles during a preset time interval. -"' (b)

The electric field distribution in the device domain is
updated every time step (2 femtoseconds) by solving
Poisson's equation numerically by the finite difference t 02ps
method and successive over relaxation. Dirichlet condi- - .,,____, _

tions are imposed at the metal-semiconductor surfaces, . .-
and potential continuity conditions are used at the 1.-.

AIGaAs/GaAs interface. The perpendicular ield -, -
changes as the ratio of the dielectric constants...,... ... : . . -

§3. Results (c)
3.1 Switching limes

We lirst present tile svwitching time simulations for 300
K operation. The device is initially (t=0 ) in its off-state t=3ps
as shown in Fig. 3(a). The current is carried by electrons nln A

in the low mobility channel (channel A). The gate \oltage
of channel A is 0.6 volts, and the gate voltage of channel . -- --.

B is 0.0 volts. Source voltages are kept at 0.0 volts and e 1.
the drain voltages are kept 0.8 in all of the simulations.
To switch the deice on, the gate voltage of channel A is Gate
instantaneously decreased to 0.0 volts, and tile gate (d)
voltage of channel B is instantaneously increased to 0.6
volts. Channel A is immediately fully depleted (Figs. 3(b) Iig. 3. Electron transfer bcha.ior during ,\%itch-on tranoiCt at.
and 3(c)). The transit time for perpendicular transport (a) 1t- picosccond, (b) t=O.I picosccond,, (c) 1-().2 picoccond .
(from one interface to the other) is completed in about (d) I= 3 picosecond,.

0.2 picoseconds, regardless of the doping profiles.
However, steady state is only completely reached after
the electrons that are transferred to the high mobility which is the perpendicular transit time, source and drain
channel (channel B) redistribute themselves to achieve current levels can be a factor of two apart from each
normal channel conduction. This redistribution takes 2.0 other, or their respective steady state values. We con-
to 3.0 picoseconds, depending on the ionized impurity elude therefore that the intrinsic device speed is not only
concentration of the low mohility channel ((Fig. 3(d)). limited by the perpendicular transit time.

The switch-off simulation starts from the steady state The switch-on and switch-off times which are necessary
on-configuration (Fig. 3(d)). The gate voltages of chan- to reach steady state at 300 K gnd 77 K for various dop-
nel A and B are instantaneously reversed as shown in ings of channel A are summarized in Table I. The switch-
Figs. 4(a) and 4(b). The electrons are transferred to chan- on and switch-off times calculated for the velocity-
nel A again in about 0.2 picoseconds. However, steady modulation transistor (VM"i ale shortei tjt, for
statc is reached only after 2.5 to 2.8 picoseconds depend- longitudinal (source-to-drain) switch-on times which are
ing on the ionized impurity concentration in the low 3.5' and 3.2 picoseconds for 300 K and 77 K respec-
mobility channel (Figs. 5(a)-5(d)), again because of the tively.
redistribution of electrons in the given channel. Increasing the impurity concentrations leads to longer

We have defined steady state as the point of operation switch-on and switch-off times. The calculations also
icie the drain and source currents have stabilized and show that switch-of is always faster than switch-on. We

are within 10" of each other. After 0.2 picosecond,, comment on this point in the discussion section.
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I ig. 4. rhe energy band profile of the structure across the gates N,=0
(at x=0.5 micrometers) for Iwo different biasing conditions. N,= I x 10" cm 2.0 p, (-) 2.0 I , -)

(a) V1, ,=0.0 V, V,,, ,=0.6 V, (b) V',,=0.6 V, V(,,=0. 0 V. N,=2x 10'

N,=2.01xlO'-cm ' 3.0p, (-) 2.8ps (-)

3.2 Evolution of the electron distribution function N. =2 x I0'" cm'

[he elecaon energy distribution function cannot di- N,,=2.001 x 101" cm ' 3.0 ps 2.4 ps (2.8-3.0) ps 2.3 ps

rectly be measured but is important for the under-
standing of the &ice. The study of its time evolution
shows clearly that the intrinsic device speed is not only gate region of the device will be described in detail.
limited by the perpendi'ular transit time (0.2 pico- Initially (t=0-), the electrons are in the low mobility
seconds), but also by the lateral distribution of electrons, channel, and are at steady state (Fig. 6(a)). The displace-

For the biasing conditions considered in this paper, the ment of the distribution function in the k, direction
electrons in the device channel are mostly in the r-valley, (parallel to the interface) indicates some current flow "des
except at the drain edge of the gate (pinch-off region). from source to drain in the device. When the gate biases or
Therefore only the r-valley electrons in GaAs, under the are reversed (V, =0.0 t, V,,,=0.6 volts at t=0), the

a~~~ ~ P, I i I I I
.1a
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Fig. 6. Evolution of the eetron distribution function tinder tile gates during \%ittch-on tranivint at, (a) i 0 picosecond .
(b) _=.1 picoseconds, (c) T 0.2 picoseconds, (d) t=3 pico0conds.

electron distribution function is shifted into the -4 state, which is reached in ::2.4 picoseconds and he o-
(perpendicular to the heterointerface) direction state current is /(,=98 mA/mm.
(Fig. 6(b)). Electrons impinging on the interface are At 300 K, a current of -. \=80 mA/mm flows through

reflected back into GaAs if they cannot surmount the the VMIT when it is in on-state. The "off-state" current
potential barrier. Therefore the first quadrant of k-space is., /,)f =49 mA/mm for a heavily doped low mobility
is populated (Fig. 6(c)). Steady state is reached sometime channel (N, = 2x 10"5 cm-', NI)=2.001 x 10" cm )
after the electrons have transferred to the high mobility Therefore, the channel current can be modulated by
channel (Fig. 6(d)). 'o40% at 300 K, and by z70% at 77 K, i"f a highly com-

The evolution of the electron distribution function dur- pensated concentration of ionized impurities is introduc-
ing the switch-off transient is shown in Figs. 7(a)-7(d). ed into the device channel.

It is observed that the transient and steady state
distribution functions are not spherically symmetric. 3.4 A verage electron velocityi distribution
This deviation from a M~axwell-Boltzmann distribution The average electron velocity along the device channel
follows from the dependence of the scattering rates on is sketched for 300 K in Fig. 9, and for 77 K in Fig. 10 for
the particle momentum, and energy exchange between various channel dopings.

electrons and polar phonons in ,aAs. The velocity distribution profiles for all channel dop-
ing have the same qualitative form. The electrons enter-

3.3 Current levels ing the high electric field region at the drain side of the
In the operation of the velocity-modulation transistor, gate, experience velocity overshoot." The peak electron

an increase in source-to-drain current is expected as the velocities are 4.1 X 107 cm/s at 300 K, and 6.3 x 10 cm/s
electrons are moved to the high mobility channel. The at 77 K. The average electron velocities in the low electric
current switch-on transient at 77 K is shown in Fig. 8. field regions of the device are much lower. The effect of
The off-state current is it ,.=32 mA/mm (at 1=0). After the ionized impurities on the velocity distribution profile
0.2 picoseconds (perpendicular transit time of electrons) is more prominent at lower temperatures. especially in
the source and drain currents have not yet reached steady the lowv electric field regions (i.e., source-to-gate) of :the
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8.0x107  conductance, A 1A is the difference in mobility between the

- N = lx 1015 cm- 3, N, 0 channels, and An is the difference in electron concentra-
N0 2.001x1Ocm-

3, tion under the gate). To -witch the VMT on, by simply
6.0 Ns=2.Ox1O18c,- 3  reversing the gate biases will bring in more electrons

I/' (- 15% more than what has been transferred from the
--77K low mobility channel) from the source and drain contact.

4.0 To switch the VMT off, electrons are transferred to the
- low mobility channel and any excess electrons are dispos-

-> -ed of through the source and drain, i.e., excess carriers
2.0- need not transit the total source to drain (or at least gate)

...- " eneth.
Source - e

-___ ., Drain This suggests that switch-on and switch-off times can
00 02 0.4 0,6 0.8 1.0 be reduced further (to about 2 ps at 300 K) if slightly

D:stonce (-rn) - . asymmetric gate biases which force the condition An=0,

IiL. 10. -\\erag elec dtron ,elocit\i undope,,.I id hca%il doped chaln- for the operation of the VMT are used. However, this
lie]', O1 [lie \,cloit\-rndulation tranistor al 77 K. will be at the expense of a smaller modulation in the

channel conductance.

device. This is due to the increased ionized impurity scat- §5. Conclusions
tering rate at lower temperature and lower average elec- The velocity modulation field effect transistor has been
tron energies. studied by self-consistent particle-field Monte Carlo
§4. Discussion methods.

This study shows that current switching can be
The calculations presented above showv that the current achieved by the velocity modulation concept.

through a device can be reduced by 4000 at 300 K and The perpendicular transport of electrons between the
7000 at 77 K if electrons are transferred f'ron a high two channels is achieved in extraordinarily short times
mobility channel to a highly doped compensated channel ( z0.2 picoseconds). This is due to short distances involv-
with N,=2.001 x 10' cm ' and N\=2 x 10"' cm ". ed between the channels (1000 A), and very high a\erace
However, the reduction in electron velocity distribution electron velocities (4-6 x 10' cm/s) perpendicular to the
in the device under the gate is at most 300 at 300 K, and interface. However, the necessary interface charge
60% at 77 K. Therefore velocity reduction alone does not readjustment takes much longer than perpendicular
explain the total change in channel conductance. An in- transport, and is accomplished only in times comparable
vestigation of the electron distribution in the conducting to the longitudinal (source-to-drain) switch-on time.
channels of the device (Fig. 3(a) and Fig. 5(a)) reveals With the proper choice of gate biases the switching speed
that there are more carriers in the channel when the of the VNIT's will be superior to that of the conventional
device is in its on-state (Fig. 5(a)). In fact, the concentra- GaAs field effect transistors. We estimated speed up of
tion of electrons in the channel is increased by about abut 1.5 picoseconds for 1 micrometer (0.4 micrometer
150o when the device is switched on. gate length) device.

Change in the carrier concentration under the gate is
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